To study the effects of loading paths and stress states on rock strength and deformation, marble specimens were axially compressed to various displacements under a confining pressure (CP) firstly, and then the damaged specimens were recompressed under another CP. The bearing capacity of a marble specimen depends merely on CP at the stage of ductile deformation, and it has no relation with the loading history when CP keeps constant or increases. However, the damaged specimen turns into brittle when it is recompressed uniaxially or at a lower CP, and the Young's modulus and strength are lower than those of a dense specimen. The increasing ratio of triaxial strength to CP has a close relation with the areas of fissures in the damaged specimens but not the internal friction angle. Material strength and bearing capacity are two different conceptions for rocks. Material strength decreases continually as the plastic deformation increases; however, the bearing capacity is determined by both the stress state and the material strength.
Introduction


The mechanical behavior of a rock specimen is the integration of characteristics of all materials in the specimen. Strength, deformation and damage of rocks are closely related to both stress state and mineral structure. Savage's model [1] , extended from Mogi's model [2] , explains the curvature of Mohr envelope for the granite fracture strength, which is made up of the inherent strength of intact areas and the frictional resistance to the sliding offered by the cracked areas in the incipient rupture surface.
Brittle failure of rocks happens at lower stresses, and ductile failure at higher stresses. The transition may be realized at a confining pressure (CP) up to 3 GPa for granites, but 5 MPa or less for marbles [2] [3] [4] [5] [6] [7] .
Deformation of a marble cylinder under a high CP increases continuously while the axial stress keeps constant or increases slightly. The bearing capacity of rock material does not decrease with the increasing plastic deformation, which only causes certain damages to rock material. Therefore, the conceptions (10572047) of cohesion and friction in the Coulomb criterion, as well as in the Mogi's and Savage's models, need a new explanation for the bearing capacity of marbles.
In this paper, marble specimens, 100 mm in length and 49.6 mm in diameter, were axially compressed firstly to various displacements under a CP, and then they were recompressed under another CP. The damage of the specimens is evaluated, and the effects of loading paths and stress states on the mechanical property of the marble in ductile failure process are revealed. The influence of the internal friction angle on the bearing capacity of rock is discussed.
Effect of confining pressure on bearing capacity of marble specimen
Two specimens of weathered marble with silt-crystal were compressed under various CPs, as shown in Fig.1 [5] . Specimen 1 was unloaded in axial direction after compressed to an axial strain of 0.023 6 at a CP of 40 MPa, and then it was reloaded. Although there is a significant hysteresis loop in the stress-strain curve, the bearing capacity of the specimen still reaches the initial magnitude. Cyclic loading on marble specimens may be carried out with numerous times at the ductile deformation stage, and the upper envelope of the stress-strain curve will not be different from that in monotonous compression. Fig.1 Axial stress-strain curves of two weathered marble specimens with silt-crystal (numbers beside curves are serial number of specimens and CPs) [5] .
Specimen 2 was completely unloaded after compressed to an axial strain of 0.017 4 at a CP of 30 MPa (2A). It was recompressed at the same CP (2B). The Young's modulus, i.e. the average slope of the more-or-less straight line portion of the axial stress-strain curve [8] in the reloading process, is higher than that in the initial compression. However, the maximum bearing capacity is exactly the same as the initial magnitude. Finally, the CP was increased to 40 MPa and the specimen was axially compressed continuously (2C). Under this condition, the stressstrain curve is on the upper side, but approaches that of specimen 1, i.e. the two specimens have the same bearing capacity.
The two specimens would be damaged with plastic deformation, as demonstrated in the next section. However, the bearing capacity of the two marble specimens depends merely on CP at the stage of ductile deformation, and has no relation with the loading history when the CP keeps constant or increases.
Damage at the ductile deformation stage
The specimens mentioned thereafter were all cut from one marble block with mid-crystal in size of about 2 mm. The marble was extracted at Nanzhao, Nanyang, Henan Province, China. It is white, homogeneous and isotropic, and no imperfection is observed with naked eyes. The mineralogical components are mainly calcite, and a little dolomite and magnetite.
In this paper, a dense specimen means that it is compressed initially, and is called "damaged specimen" after unloaded completely from the axial stress and CP. The uniaxial compressive strengths, Young's moduli and peak strains of six dense specimens are 62.1-65.3 MPa, 46.6-47.9 GPa and around 0.002, respectively. The complete axial stress-strain curves of three dense specimens are shown in Fig.2 . Obviously, the marble is highly homogeneous. Table 1 . Table 1 Experimental results of marble specimens compressed at a CP of 40 MPa and recompressed at a lower CP.
Initial compression Recompression
Specimen At the unloading point, i.e. the axial strain of 0.015 for specimen A7, the axial stress (182.7 MPa) is still lower than its maximum bearing capacity. Strengths for specimens A7 and A8 in Table 1 , 185.0 and 188.0 MPa, respectively, are estimated from the stress-strain curve.
Six damaged specimens with various values of axial strain L  of 0.01-0.04 were uniaxially recompressed (Fig.4) . The uniaxial compressive strengths and Young's moduli decrease with the increasing axial strain L  in initial triaxial compression (Table 1) , and they are certainly lower than those of the dense specimens. The results show that the specimens are really damaged after the initial compression at the CP of 40 MPa. However, the peak strains of damaged specimens are 0.003-0.004, larger than the ones of the dense specimens (about 0.002). The yield process around the peak stress and the weakening process in post-peak region of the damaged specimen are also smoother than those of the dense specimens shown in Fig.2 . In other words, damaged specimens can bear more deformation at the post-peak stage. This conclusion may also be suitable for marbles with fine-and coarse-crystal [4] .
The residual strain of rock specimens, R  , can be obtained at differential stress of zero from The strength, i.e. the bearing capacity of a specimen, is mainly determined by the mechanical characteristic of its weakest section. However, the Young's modulus is relative to that of the entire specimen. There are numerous shear bands in the damaged specimens that have been compressed at the CP of 40 MPa. Therefore, the damage influences more significantly on the Young's modulus than on the strength.
Mechanical properties of damaged specimens at lower CPs
Marble specimens were compressed at various CPs of 0-40 MPa. One group of stress-strain curves is shown in Fig.7 . Although the initial deformation varies for different specimens, the Young's moduli are approximately the same. The brittle-ductile transition occurs at CPs ranging from 10 to 20 MPa for the marble. Five marble specimens were compressed at the CP of 40 MPa to the same axial strain of 0.025 and then unloaded completely. The damaged specimens were recompressed at various CPs of 0-30 MPa. The stress-strain curves are shown in Fig.8 , and the corresponding results are presented in Table 1 .
The most significant phenomenon is that the Young's modulus of the damaged specimen increases with the increasing CP. There is no yield platform for the damaged specimen at the CP up to 30 MPa. Therefore, the damaged marble compressed at the CP of 40 MPa has a brittle behavior at a lower CP.
Other four dense specimens were compressed to an axial strain of 0.030 at the CP of 40 MPa, and then recompressed under CPs of 0-30 MPa. The experimental results are similar to those shown in Fig.8 , and the corresponding results are presented in Table 1 .
Nine damaged specimens, which were compressed to the axial strain of 0.025 or 0.030 under the CP of 40 MPa and then unloaded, could be regarded as specimens collected from a new marble that has different mineral structures from the original one. The strengths of damaged and dense specimens at various CPs are plotted in Fig.9 . The strength difference of the two marbles decreases with the increase in CP. The Young's modulus of the new marble increases with the increasing CP as shown in Fig.8 , and it is much lower than that of the original marble (Fig.7) . These characteristics mentioned above are just the same as those of two marbles with silt-and fine-crystal, respectively, as discussed in Ref. [5] . 
The CP has a greater influence on the damaged specimens than on the dense specimens. If Eqs. (1) and (2), or the Coulomb criterion, were available for the marbles, the internal friction angle and the strength of the damaged marble at the CPs greater than 28 MPa would be larger than those of the dense marble. That is totally different from our common knowledge, although the Coulomb criterion has been widely applied to rock engineering [9, 10] .
In fact, there are some places with friction and some places with cohesion when the specimen reaches its bearing limitation or strength. Some rock microelements, i.e. rock cells, with low cohesion may lose their cohesion instead of friction before peak stress is reached. The internal friction and cohesion in the Coulomb criterion are not the physical properties of rock, but are integrated mechanical parameters of a specimen.
As explained in Ref. [4] , friction is a passive force, and it is uncertain unless reaching its limitation. When CP is high enough to make the fissure friction larger than the cohesion of rock in its neighborhood, the material will absorb deformation energy to lose cohesion instead of fissure slipping as the stress increases to the magnitude of cohesion. So there is a limitation for the maximum shear stress or stress deviator in rock, no matter what the CP is. The increasing CP only affects the material whose bearing capacity does not reach its maximum. This is the physical background of the exponential criterion [11] [12] [13] .
The stress deviator can be written as
and we can suppose
The integration of Eq.(4) is
where 0 Q is the uniaxial compressive strength from the criterion, Q  is the limitation of stress deviator when the CP approaches infinity, and 0 K is the increasing ratio of strength to CP at the CP of zero.
The strength increases with the increasing CP in a little concave downwards for the damaged and dense specimens, as shown in Fig.9 . Therefore, the exponential criterion is available to describe the strength property: (8) and (9) are plotted in Fig.9 , with a mean misfit of 1.9 MPa for 15 test data totally. As a reference, the standard deviation of the strength is 1.8 MPa for 13 dense specimens compressed at the same CP of 40 MPa ( Table 1) .
The difference between strengths of sandstone specimens loaded in the directions which are parallel and perpendicular to bedding plane decreases with the increasing CP, as presented in Ref. [14] . That also supports the analyses above and the feasibility of the exponential criterion.
Young's modulus of damaged specimen increases with the increasing CP, as shown in Fig.10 , which results from the distributed shear fissures in the damaged marble specimen [15] . The small difference of Young's modulus between the dense specimens at the CP of zero and 40 MPa, as shown in Fig.10 , reveals that there is a little damage in the original marble. 
Discussion
Friction is an important factor that affects rock strength [16] . The fissures have the same or higher bearing capacity when the damaged specimen is recompressed at the same or higher CP. The Young's modulus and strength of damaged specimen will have the same magnitudes as those of the dense specimen. However, the fissures will produce shear slipping when the damaged specimen is recompressed uniaxially or at a lower CP. Therefore, the Young's modulus and strength of the damaged specimen will be lower than those of the dense specimen. The plastic strain is shared by numerous shear fissures in the damaged specimen compressed at high CPs. Therefore, it influences the uniaxial compressive strength more slightly than the Young's modulus of the damaged specimen. As we know, the number of shear bands increases with the increasing CP for marble, as well as sandstone [17] and gabbro [18] .
On the microscopic structure, cohesion and friction do not act on one point, and the cohesion will be replaced by the frictional resistance when crack initiates in the rock [1, 4] . The CP does not influence the bearing capacity of compacted rock cells with high cohesion. The damaged specimen has larger areas of low cohesion and higher increasing ratio of strength to CP than the dense specimen, as shown in Fig.9 .
The cohesion in rock varies from place to place. The maximum friction may surpass the cohesion of rock material if the CP is high enough. This induces the brittle-ductile transition [2, 7, 19] . In this case, the intact rock will create shear yield and lose its cohesion, but cracks do not slide macroscopically to increase the friction. Finally, the rock becomes a kind of homogeneous and plastic material [4] .
The strengths of dense and damaged specimens have the same tendency with the increasing CP, as shown in Fig.9 . This is an evidence to support the exponential criterion. The fitting solutions of Eqs. (8) and (9) exhibit that there is a limitation of stress deviator, i.e. 190.5 MPa, or the maximum shear stress of 95.3 MPa in the marble. In other words, the genuine cohesion of the marble is about 95.3 MPa.
Conclusions
Material strength and bearing capacity are two different conceptions for rocks. Marble specimen produces distributed fissures in ductile deformation at a high CP. The mechanical property of damaged specimen has no relation with the loading history when the CP keeps constant or increases. However, the damaged specimen turns into brittle, and its Young's modulus and strength are lower than those of the dense specimen when it is compressed uniaxially or at a lower CP. The slope of triaxial strength versus CP curve does not correspond to the internal friction angle, but to the areas of fissures in the damaged specimen.
